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Abstract

We demonstrate that doping a modest quantity of Cu impurity into anatase Ti0O; significantly
enhances its photoinduced electrocatalytic supercapacitance by about 84% and its
photocatalytic activity by more than twofold. X-ray diffraction (XRD), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), and electron paramagnetic resonance (EPR)
spectroscopy analyses validate that the Cu dopant is fully incorporated into the tetragonal
crystal structure of the host material and creates Ti** and oxygen vacancies. Furthermore,
UV-vis spectroscopy and photoluminescence (PL) studies demonstrate that the smallest
optical band gap energy (Ey) of 2.85 eV and minimal recombination of photoinduced charge
carrier pairs occur at a 3% Cu doping amount. Transmission electron microscopy (TEM)
images reveal that pristine TiO, and Cu-doped TiO, exhibit nearly identical pebble-like
nanoparticle morphologies. This 3% Cu-doped TiO, demonstrates more than double
photodegradation (95.7%; 150 min) of a toxic Rhodamine B dye molecule and a nearly 84%
improved supercapacitance (347 F/g; 0.5 M aq. Na,SO,; pH=7) than that of a pristine anatase
Ti0O,. In suitable testing conditions of other electrolytes, molecular dyes, light intensity, etc.,

Cu-doped TiO, with different particle shapes may demonstrate even greater supercapacitive
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behavior and photodissociation properties, leading to more advantageous applications fors ;5 vaooarsn

photoactive Cu-doped TiO, materials.

Keywords: TiO,, Cu-doping, Optoelectronic, Carriers-separation, Photocatalytic,

Photocapacitance

Introduction

Severe contamination of the environment has resulted from the consistent use of
traditional energy sources by humans [1]. A major global concern now is the scarcity of
sustainable and clean energy sources, which is driving researchers to investigate and create
safe, eco-friendly, and energy-efficient alternatives [2—3]. Sunlight is the most abundantly
available natural energy resource on Earth; therefore, catalytic reactions on the surface of
semiconducting materials, initiated by charge carriers generated under solar light irradiation,
offer promising pathways to effectively address the utmost challenges of clean energy
generation as well as to mitigate industrial gaseous and water pollutants. Moreover, the
demand for energy solutions has significantly increased worldwide, and in this regard,
electrochemical supercapacitors have emerged as a promising technology to provide quick

power delivery in various applications requiring rapid charging and discharging cycles.

Semiconducting transition metal oxides have been at the forefront of developing
innovative solutions for clean energy production and environmental remediation [4-5].
Among the various metal oxides, the inexpensive and nontoxic TiO; is recognized for its
exceptional resilience in harsh acidic and basic environments. This makes it particularly
useful in practically all chemical reactions, and as a result, it has always been a focus of
research studies in a variety of practical fields, including photovoltaics, photocatalysis,

sensors, charge storage, coatings, and more [6—13]. However, the standalone performance of
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TiO, as a semiconducting photocatalyst and an electrocatalyst is limited due to its,low, light- 502140

absorption, poor photoconductivity, and low ionic diffusivity.

To address these important issues, several strategies have been reported and used to
improve the photo- and electro-catalytic performance of TiO, material. Some of the often-
used strategies include intentionally impurity doping with donors and acceptors, modifying
particle size and shape, and creating heterojunctions using appropriate materials [14-17]. It
has been shown that doping TiO, with metal and non-metal impurities increases its electrical
conductivity and decreases its optical bandgap energy. This selective doping technique
directly alters the intrinsic unit cell structure and boosts photovoltaic, electrocatalytic, and
photocatalytic efficiency, enabling applications of impurity-doped TiO, materials in energy

and environmental fields [14, 16-20].

Here, we report the simple alcothermal synthesis of Cu-doped TiO, powders and the
structural characterization of these powders using X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, UV-vis spectroscopy, photoluminescence (PL) spectroscopy,
transmission electron microscopy (TEM), and powder X-ray diffraction (XRD). After
determining the optimal concentration of Cu (3%) dopant that produces enhanced light
absorption and charge carrier pair dynamics, we evaluate the photoinduced catalytic and
electrocatalytic performance of this Cu-doped anatase TiO, material under a UV-vis light
exposure of a 250 W Hg-lamp (200—450 nm). This entails using galvanostatic charging
discharging (GCD) and cyclic voltammetry (CV) tests to monitor the photodegradation of
Rhodamine B dye (RhB), an industrial toxic and carcinogenic water pollutant, as well as to
assess the capacitive performance and chemical durability of its fabricated electrodes in a
neutral (pH=7) 0.5 M Na,SO, aqueous electrolyte solution. Interestingly, this Cu-doped TiO,

exhibits more than twice the photocatalytic degradation of RhB dye molecules and about
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84% higher supercapacitance under UV-vis light (250 W, Hg-lamp, 200450 nm)conditidiis, oo 145

than pristine anatase TiO,.

Experimental Section

Synthesis and Characterization: Powder samples are synthesized as follows: Under
constant magnetic stirring (300 rpm), a mixture is made by mixing 2 ml of acetylacetone
(Merck, 99.5%) into 30 ml of 2-methoxypropanol (Thermo-Fisher, 99.5%) inside a
cylindrical-sized (50 ml) Teflon vessel linked to a stainless-steel autoclave system. Then, 7
millimoles (ca. 2.48 ml) of titanium butoxide (Sigma Aldrich, 99.5%) were directly injected
into the mixture, resulting in a yellowish-orange color. After 30 min., 2 ml of triple-deionized
water (Millipore, 18.2 MQ-cm) was added dropwise. The string was stopped after 30
minutes. The tightly sealed system was heated in a hot-air oven (180°C, 12 hr.). The naturally
cooled precipitates were filtered and washed with ethanol 2-3 times and then dried in a
microwave oven (150°C, 2 hr.). The final powder sample was obtained by hand-grinding
using a mortar and pestle. To prepare Cu-doped TiO,, an appropriate amount of copper (1)
acetate monohydrate (Thermo-Fisher, 99.5%) was added to the mixture before adding the

titanium butoxide. The subsequent steps in the synthesis process remain the same.

The inherent structural features and optoelectronic characteristics of the samples were
mapped out using various experimental techniques. Powder X-ray diffraction (XRD) patterns
were recorded at ambient room temperature conditions using a Panalytical X Pert-Pro
diffractometer (operating conditions: Ni-filtered Cu-Ka,, A=1.540598 A, 40 kV, 30 mA, 0.02
deg./sec). Raman (excitation DPSS laser, A=532 nm, spectral resolution ~1 cm™) and
photoluminescence (PL; excitation LED laser, A=280 nm, spectral resolution ~1 nm)
measurements were carried out at ambient room temperature using a RIM-U-DC Raman

spectrophotometer (RI Instruments & Innovation India). Using BaSQO, as a calibrating
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reference, the optical spectra were recorded at ambient room temperature in the range f 300\ 5o1us
to 800 nm using a UV-visible (UV-vis) spectrophotometer (WinUV-5000, Agilent
Technology) equipped with integrating spheres. The chemical composition and electronic
structures were investigated using inductively coupled plasma mass spectroscopy (ICP-MS;
Agilent USA; 7900 with UHMI), high-resolution (47 meV) X-ray photoelectron spectroscopy
(XPS; Thermo-Fisher Scientific; Al-Ka anode source; 1486.6 €V), and electron paramagnetic
resonance (EPR) spectroscopy (Bruker; A300-9.5/12/S/W; spectrometer). The XPS samples
were prepared as pellets, and the XPS data were then acquired under vacuum conditions with
a base pressure of 107 torr. The binding energies of ionic species were calibrated to the C
(1s) peak (284.6 eV) of adventitious surface carbon. The EPR spectra were obtained at room
temperature. For EPR measurements, an X-band frequency of 9.843 GHz with a magnetic
field sweep range from 0 to 5000 Gauss was used. The structure and morphological features
of the powder samples were examined using a TALOS F200 X transmission electron
microscope (TEM; Thermo-Fisher) operated at 200 kV, with a point-to-point resolution of
0.16 nm. TEM, and high-resolution TEM (HR-TEM) images were recorded on a carbon-

coated copper grid.

Photocatalytic and Electrochemical (EC) Measurements: The photocatalytic activity of
the powder was estimated through the degraded amount of Rhodamine B dye (RhB; Thermo-
Fisher, violet color). A standard 50 ml solution of 25 ppm concentration is prepared by
dissolving RhB into a mixture (1:1 molar ratio) of ethanol (Thermo-Fisher, 99.5%) and
acetonitrile (Sigma Aldrich, 99.5%). A powder sample (5 mg) was then added to this
standard solution, and the dispersion was stirred in the dark for 30 min. This dispersion was
maintained at a fixed distance (20 cm) from the light source and then irradiated from the top
with UV-vis radiation (Techinstro vision, Hg-lamp, 250 W, 200—450 nm) under mild stirring.

For every 30-minute duration, ca. 5 mL of the collected liquid dispersion was centrifuged
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125  estimated using a Shimadzu UV—vis spectrophotometer (UV-26001). The photodegradation
126  performance (Crg) of the powder sample was calculated using the expression (Cy.C,/Co,

127  where C, and C; represent the dye concentration at the starting and at a particular time ¢,

128  respectively [20].

129 The electrode of the powder sample is fabricated as follows: 7 mg of powder, 1 mg of
130  double-walled carbon nanotube (SRL, extra pure), and 1 mg of polyvinylidene fluoride

131  (PVDF, Thermo-Fisher Scientific, 99.9%) were mixed using a pestle and mortar for 2 min.
132 Then, 1 drop of N-methyl-2-pyrrolidone (NMP, SRL, extra pure, 99.5%) was added to form a
133 uniform slurry. This slurry was pipetted and pasted onto half of the conductive nickel foam
134  (Nanoshel) using a doctor blade method. The electrode was then dried (90°C, 14 hr.) in a hot
135  air oven.

136 All EC measurements (Potentiostat, EC-Lab® Express software, VSP-300) in dark
137  and UV-vis light illumination (Hg-lamp, 250 W, 200—450 nm) conditions were carried out in
138  an aqueous 0.5 M Na,SO,4 (Merck; 99%) neutral electrolyte (pH = 7) using a 3-electrode

139  setup configuration. Pt wire is used as a counter electrode, and Ag/AgCl (3.5 M KCl) is used
140  as a reference electrode. The cyclic voltammetry (CV) or galvanostatic charge-discharge

141  (GCD) tests were performed at various scan rates (5 to 100 mV/s) or current densities (0.5 to
142 5 A/g), respectively. The reported potential in this work is the reversible hydrogen electrode
143 (Vgug) potential, which is obtained using the equation: Vrpg = Vagagcr T 0.205 + (0.059 x
144  pH). For the half-cell supercapacitor, the specific capacitance (S; F/g), energy density (E;

145  Wh/kg), and power density (P; W/kg) were calculated using the equations: S = (Ixt)/

146  (AVxm); E =0.1388xSx(AV)?; and P = (3600xD)/t, where I = 0.5 A (applied current), t =
147  discharge time (s), m = 7 mg (mass of the photoactive material), and AV = 0.8 V (the applied
148  potential window) [21].
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149 Result and discussion DOI: 10.1039/DSMA00414D
150 The XRD patterns and Raman spectra of as-synthesized pristine TiO, (S0) and
151  various Cu-doped TiO, powder samples (1%-S1, 2%-S2, 3%-S3, and 4%-S4) are shown in
g 152 Figure 1. The XRD peaks of all samples match well with a tetragonal crystal structure of an
8
g 153  anatase TiO, phase (I14,/amd space group, corner-sharing TiOg units, JCPDS data 073-1764).
o
=) o . .
S 154  The average crystallite size and the lattice parameters of samples were estimated from the
=
% 155  highest intensity 101 XRD peaks using a well-known Scherrer equation: D = (0.9 x A)/[f
Q
Q
S 156  xcos(d)], where A=1.5406 nm and f is the FWHM. The XRD pattern (Figure 1a) confirmed
5
2 157  that incorporation of Cu into a tetragonal structure up to 3% enhances the crystallinity and
g
é 158  enlarges the interplanar d-spacings (d10;), as well as affects the unit cell parameters (apical
£
Q
E 159  direction — ¢ & equatorial direction — a) (Table 1). This change in c/a ratio is attributed to
B
S 160 the subtle balance between the size and oxidation states of the host Ti ions getting replaced
o
e}
é 161 by large-size foreign dopant Cu ions. [22-23]. Also, increasing doping amounts of Cu above
@
2 162 3% are expected to induce a disruption in the tetragonal symmetry of the unit cell as well as
2
E 163  possibly leading to excessive defective oxygen states (vacancies), as inferred by the flipped
Z
164  unit cell parameters between S3 and S4 samples, i.e., their lattice parameters (a and ¢) and the
165  corresponding interplanar d,o;-spacings. (Table 1).
S
(a) i g JCPDS Card No.- 073-1764 (I?) 144 Raman mode Raman shift (cm')
] I: 1E SlS2 0830 0S4
i - = ' IE, 0.1 041 1.69 028
] i -2 2 & = - 2K, 0.23 049] 168 0.89
] i 2== e =R~ 1B, 0.87 174 275 0.73
S0 = A= J\ N 1 B +A, 149 218 363 029
= ﬁ ] 3E, 067 089 159 047
% :~S-3—J ;\L I A g ]
] i £ ]
é 1s2 ,\L_______/\\JW é)-
- { S3
_‘iJ AL g AN | . s /\../’A\___ji
1 30 J L e e _JL L s S0
20 25 30 35 40 45 50 55 60 100 200 300 400 500 600 700 800
166 2 (degree) Wavenumber (cm’)
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Figure 1. Indexed XRD pattern (a) and Raman spectra (b) of as synthesized powder samples o

A00414D

Pristine anatase Ti0O, (S0) and Cu-doped TiO, (1%-S1, 2%-S2, 3%-S3, 4%-S4). Insets in (b)

are Raman shifts in S3 with respect to SO.

The effect of Cu doping amount on a host TiO, (TiOg octahedra) lattice becomes more
visible in the vibrational Raman spectra (Figure 1b) of the samples. The active Eg Raman
modes of the samples are symmetric stretching of Ti—O bonds, while the Blg and Alg are
symmetric and antisymmetric bending motions of O-Ti-O, respectively. Raman-active
modes for SO are measured at 143 cm™! (Egy), 193 cm™! (Eg), 397 cm™! (1By,), 515 cm™!
(2BigtAj,), and 639 cm™! (Eg3) [24-25]. Up to 3% Cu doping, the increased intensity of the
1E, vibration, along with the shifting of all Raman peaks, suggests that Cu doping enhances
the coupling between Cu—O-Ti bonds and O-Ti-O bending modes. Thus, up to 3% Cu doping
has a large effect on the apical bonds (c-axis) but only a minor effect on the equatorial bonds
(a-axis), as indicated by a maximum wavenumber shift (inset, Figure 1b) for the S3 sample.
However, the Raman peak shifting process reverses above 3% Cu doping, resulting in
excessive distortion and perhaps the production of more structural defects in the unit cell [25-
26]. Accordingly, both XRD and Raman studies showed that the S3 sample retains the crystal
symmetry of its tetragonal lattice with optimum unit cell modifications (c/a = 2.44) and
defective states. The extent of lattice modifications in Cu-doped TiO, samples is expected to
alter their optical behavior and electronic characteristics. Note that modest crystal defects,
like oxidation states of metallic cations and oxygen vacancies (electron donors), could act
synergistically and might produce better electrical conductivity in a material, which is pivotal
for its practical uses. Hence, the charge carrier pair separation efficiency in all the

synthesized samples is studied using the PL emission spectroscopy technique.
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The PL emission spectra plotted in Figure 2a indicated that the PL intensity,. ;, 1030/0ema004140
crossponding to chare carrier pair recombination does significantly vary with dopant (Cu)
amount. Doping with Cu impacted the PL emission intensity at 431 nm. The incorporation of
Cu ions into the Ti lattice site is expected to create the localized energy levels near the
bottom of conduction band (CB) edge. These localized states thus shall facilitate the non-
radiative recombination process, which would effectively suppress the defect-related
emissions [27]. This reduction in PL emission intensity at 431 nm thus can be attributed to
the distortion in the tetragonal TiO, lattice caused by Cu doping, which modifies the
electronic environment and reduces the pathways for the recombination of charge carrier
pairs [26-27]. In a Cu-doped TiO, sample, excessive Cu doping can detrimentally affect the
PL intensity. While Cu ions replacing Ti ions generate oxygen vacancies in the lattice, an
overabundance of such vacancies can also serve as self-trap centers for photoinduced charge
carrier pairs. This phenomenon is evident in the PL action spectra of the 4% Cu-doped TiO,
(S4) sample. Consequently, the S3 sample exhibited the lowest PL emission intensity,
therefore indicating the highest conductivity among all synthesized samples [27]. Hence, this
PL emission analysis pointed out that among all the synthesized Cu-doped TiO, samples, the
lifetime of photogenerated charge carrier pairs is optimum for 3% Cu-doped TiO, (S3)
sample. As a result, at this point, we now examine the S3 sample and compare its

physicochemical characteristics with those of a reference (S0) sample.
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Figure 2. PL spectra (a) of all powders, highlighting S3 sample has the least recombination
of charge charge-pairs. Optical absorption spectra (b) and Tauc [(a4v)"? vs. hv] plots (¢) for

samples.

Figure 2 (b-c) shows the UV-vis diffuse reflectance (DR) spectra and Tauc plots of
all powder samples. The light absorption of pure anatase TiO, (S0) is attributed to the charge
transfer from its valence band (VB; O,, orbital) to the CB (Tisq, £, orbitals) [28-29]. Doping
Cu into an anatase TiO; unit cell shifted the absorption edges towards the higher wavelength
regime, which is expected to occur by a slight distortion of the cation-oxygen octahedra in the
tetragonal lattice, i.e., Jahn-Teller distortion [26, 29]. Because Ti*" has no response to visible
light (above 400 nm) while Ti3" does, so it is clear that the presence of Ti*" ions and oxygen
vacancies, as confirmed by XPS analysis later, contributed to a weaker (and stronger)
absorbance in short (and long) wavelength ranges. The UV-vis DR spectra (Figure 2b) of S3
indicated that Cu doping into an anatase TiO, not only affects its VB (shallow/deep energy
levels) but also influences the localized electronic charge in the CB. The Tauc plot analysis
was used to estimate Eb values of all the samples. As expected, initially up to a 3% Cu
doping quantity, Eb decreases (3.32 eV: S0, 2.92 eV: S1, 2.88 eV: S2, and 2.85 eV: S3) and

then begins to rise (2.89 eV: S4) with further increasing the Cu doping amount above 3% (see

10
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Table 1), and this result is fully supported by the PL analysis of samples. Moreover, ICPMS, <50
analysis is used to determine the Cu content of the Cu-doped TiO, samples. This

analysis confirmed that the Cu concentration within the TiO, lattice was 0.97% (S1), 0.97%

(S1), 2.02% (S1), 2.98% (S2), and 4.03% (S4). These concentration values (at %) are fairly

close to the Cu quantity used during their synthesis step. Thus, among all the Cu-doped TiO,

samples, the smallest Eb around, 2.85 eV, is estimated for S3 sample only.

Average particle size- 18.1 nm

0.3489 nm

Counts (%)

510 15 20 25 30 35 40 45
Average particle size (nm)

Average particle size- 17.73 nm

Counts (%)

s 10 15 20 25 30 35
Average particle size (nm)

Figure 3. TEM images, HR-TEM images and particle size distribution histograms of SO and

S3 samples.

The microscopic TEM images, HR-TEM images, and particle size distribution of S3
and reference SO samples are displayed in Figure 3. The TEM images of both samples
showed uneven pebble-like morphologies of particles, and the average particle sizes
estimated using TEM pictures range from 18.7 nm (S0) to 17.3 nm (S3), respectively. The
well-ordered crystalline structure corresponding to an anatase type tetragonal TiO, crystal

was further confirmed in the SO and S3 samples by their respective HR-TEM images. There
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is a good agreement found between the particle size and the interplaner d-spacing{dig;) s
estimated using XRD patterns and HR-TEM fringe spacing of the SO and S3 samples (see
Table 1). Thus, based on the thorough analysis carried out above using XRD, Raman
spectroscopy, PL spectroscopy, UV-vis spectroscopy, and TEM microscopy, it is confirmed
that S3 has the best electrically conductive properties and the lowest Eb of 2.85 eV compared

to all the other samples (Table 1).

Generally, the recombination (Figure 2a) of charge carrier pairs in a material takes
place via the existence of its defective anionic states (oxygen vacancies). Hence, the XPS
characterization technique is used to identify the chemical states of metallic and the oxygen
species in SO and S3 samples. Figure 4 (a-d) illustrates the high-resolution XPS spectra of
Ti, Cu, and oxygen species in SO and S3 samples. Using the peak fitting (function: pseudo-
Voigt function, Lorentzian to Gaussian distribution, set ratio~ 0.1), the binding energy (BE)
values analysis of Ti and Cu peaks indicated the coexistence of Ti** (Ti**) and Cu?* (Cu'")
oxidation states in the respective SO and S3 samples [30-31]. Note that in SO itself, the
existence of Ti*" is suspected to be caused by the reducing nature of the solvent (2-
methoxyethanol) used during its synthesis, which could reduce Ti ions from the Ti*" to the
Ti*3 state (see Figure 4b). The lower BE (ca. 0.1 eV) values of the Ti doublet (2p3,, and
2p1/2) thus confirm the formation of Ti-O-Cu bonds in the S3 sample (Figure 4a). This BE
shift likely originated due to an electron density transfer from less electronegative metallic
Ti*" (Ti*") ions to the more electronegative metallic Cu?* (Cu') ions [32-33]. Figure 4b
shows the high-resolution XPS spectra of Cu species in S3 sample. The fitted Gaussian peaks
in XPS spectra were located at BE values of 931.9 eV and 933.1 eV, respectively, which
represent the bivalent Cu'” and Cu?" states. The Ti** and Cu'* defects might have arisen to
compensate for the oxygen vacancies in the lattice, and a reasonable Ti3" to Ti*" ratio often

could lead to an improved light absorption due to the formation of intermediate energy levels

12
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just below its CB edge caused by the localized Ti** species and lattice oxygen (Oy), VACAnEIES 5o
[37]. This significant reduction in the Eb (see Table 1) from 3.32 eV (S0) to 2.85 eV (S3) is

clearly observed in the Tauc plot result of the samples (see Figure 2c¢).

{@ as78’ 2 Ti2p | ((b) 2P3/2 Cu2p
Ti:’ré— P1/2 Cu“
. 931.9
458.8 4634 T e 2pq/2

Intensity (a.u.)

S3
933.1
Cu*

Intensity (a.u.)

S0

452 454 456 458 460 462 464 466 468 470 02> 930 95 0 945 0 955 60
Binding energy (eV) Binding energy (eV)

Ols

Intensity (a.u.)
Intensity (a.u.)

S3

R——

S0

S6 B Bl B 4 m % M) %% S Y 01 Sw s BB S0
Binding energy (eV) Binding energy (eV)

Figure 4. High-resolution XPS spectra of Ti, Cu, and O (lattice oxygen — O?; surface

hydroxy radicals — OH-; surface adsorbed oxygen — O,) of SO and S3 samples. BE~284.6

eV of surface advantages Cls peak is used a calibrating reference.

Figure 4 (c-d) displays the O1s high-resolution XPS spectra of the SO and S3 samples
with the existence of all three types of oxygen species [30, 34]. Deconvolution analysis
(Gaussian peak fitting) of the Ols peak is used to determine the lattice oxygen (O?)
concentration, and a little 5% reduction in its value from 0.362 (S0) to 0.312 (S3) suggests
that the S3 sample has a greater Oy i.¢., electrons donors, than the SO sample [35]. This is in
line with the results of PL spectroscopy (Figure 2a) and CB and VB analysis carried out
using UV-vis spectroscopy (Figure 2b). Additionally, the EPR spectra shown in Figure 5
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confirmed that the S3 sample has more Oy and defect states than the SO sample at,reOm, -5 e 004140

temperature condition. Due to the low concentration of intrinsic Oy and Ti** centers, the SO
sample exhibited a very weak EPR signal at g = 2.0 - 2.07 (near around 3400 Gauss). The S3
sample, on the other hand, displayed a noticeably stronger and wider EPR signal centered at g
~2.07, suggesting a large increase in native paramagnetic (Ovy) sites. This enhancement is
likely due to the substitution of Ti** ions by Cu?* ions, which leads to charge compensation
through the formation of Oy and Ti** (Cu!") centers. The broadening of the EPR signal
further suggests possible interactions between the Cu* ions and the anatase TiO, lattice [36].
These EPR results provide strong bulk-sensitive evidence for defect generation,
complementing the surface-sensitive XPS findings and confirming that Cu doping effectively

introduces oxygen vacancies in the anatase TiO, crystal structure.

Intensity (a.n.)

P T

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Magnetic field (gauss)

Figure 5. X-band frequency (9.843 GHz) EPR spectra of SO and S3 samples at room

temperature.

Thus, through the physicochemical and optoelectronic characterization studies

employing XRD, Raman, PL, UV-vis, XPS, and EPR techniques, it was concluded that the

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00414d

Page 15 of 24

Open Access Article. Published on 31 July 2025. Downloaded on 8/4/2025 10:38:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312
313

314

315

Materials Advances

View Article Online

smaller optical bandgap in the S3 sample is caused by a modest and optimum latti¢e |, ;=075 iro0114n
distortion (c/a =2.442) caused by Ti**, Cu'", and Oy sites, which in turn leads to the higher
electrical conductivity of intrinsic charge carrier pairs [33]. Here onwards, we solely focus on
assessing the photo-driven catalytic and electrocatalytic redox abilities of the S3 sample and
compare them to the reference SO sample. The EC activities of SO and S3 electrodes were
evaluated using CV and GCD techniques under dark as well as UV-vis light (Hg-lamp, 250

W, 200—450 nm) irradiation conditions.

Table 1. Physicochemical, photo-catalytic and electro-catalytic properties of samples:
Crystallite size (D), optical bandgap (Eb), lattice oxygen species amount (O%),
electrocatalytic capacitance in UV-vis light (250 W Hg-lamp; S;) and dark (Sp) conditions,
energy density in light (E;) and dark (Ep) conditions, power density in light (Py) and dark
(Ep) conditions, photo-degraded concentration (Cgg) and 1%t order rate-constant (k;) for RhB
dye (25 ppm). Pristine anatase TiO, (S0) and various Cu-doped anatase TiO, (1%-S1; 2%-S2,

3%-S3, 4%-S4).

o D* a c/a diot? Eb o* Sp Ep Pp Crs I
£ c SO Ey P,
2| (m) | (A) (mm) | V) | (%) | Fg') | (Whkg!) | Wkg") | (%) | (us?)
SO 15.3 | 3.752 | 2.526 | 0.3485 332 | 0362 | 188.5 16.76 2529 42.5 6
[18.1] | 9.48 [0.3489] 247.1 21.96 198.6
S1 14.9 3.753 | 2.488 0.3482 2.92
9.34
S2 14.8 | 3.754 | 2.469 | 0.3483 2.88
9.27
S3 14.3 3.768 | 2.442 0.3486 2.85 1 0.312 | 295.6 26.28 209.9 95.03 36
[17.3] | 9.203 [0.3487] 346.3 30.78 194.7
S4 15.1 3.734 | 2.520 | 0.3471 2.89
9.41

" Inside parentheses using TEM (histograms) and HR-TEM analysis.
-~ Using GCD curves (at 0.5 A/g applied current density).

Figure 6 shows the comparison of current density vs. applied potential (vs. Vryg)

characteristics curves of SO and S3 electrodes with fixed scan rates under dark and UV-vis

15
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317 0.5 M Na,SO,electrolyte reveal a pseudocapacitive-type redox behavior of both the SO or S3
318 electrodes, respectively [37]. A straightforward indicator of the specific capacity is the loop
319 area of CV curves. The capacitive performance of either electrode increases with an increase
320 in scan rate. As expected, the significantly improved capacitive capabilities of the Cu-doped
321  TiO, (S3) electrode than to a reference TiO, (SO) electrode are demonstrated by its larger

322  loop areas at any set scan rate, irrespective of both dark and UV-vis light irradiation

323  conditions. Figure 7 displays the GCD, i.e., the charging/discharging vs. time curve of the
324  electrodes. Irrespective of light conditions, the electrodes generate a potential window of

325 around 0.8 V (vs. Vryg) across various applied current densities (5—0.5 A/g). A decrease in
326  discharging current density from 5 to 0.5 A/g under dark conditions led to increased

327  discharging time under light conditions, indicating enhanced supercapacitive behavior. A

328 nearly triangular shape with a slight deviation of the GCD curves, indicating the pseudo-

329  capacitive behavior of the electrodes, correlated with the CV results [20, 37].

330 Under dark conditions and at a fixed low scan rate of 5 mV/s, the calculated specific
331  capacitance of SO and S3 was approximately 188 F/g and 295 F/g, respectively. Under dark
332  conditions, the nearly 57% improved electrocatalytic redox performance of S3 over SO can be
333  directly ascribed to a superior charge carrier conductivity caused by a moderate Cu doping
334  amount [20] (see Figure 2a). Under 250 W of UV-vis light intensity, the specific capacitance
335  of SO and S3 improved to nearly 30% (247 F/g) and 40% (346 F/g), which is attributed to
336  extra charge carriers generated by light irradiation (see Figure 2¢). The S value of Cu-doped
337  TiO, (S3; 346.3 F/g) under light conditions was 84% higher than the S value of TiO, (SO;
338  188.5 F/g) under dark conditions. The energy density (E) and power density (P) values for the
339 SO and S3 electrodes are listed in Table 1. The S3 electrode demonstrated about a 57%

340  greater E value and a 17% lower P value than the SO electrode under dark conditions.
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341 Nevertheless, the S3 sample displayed almost the same P value and around 40% greater B/ iroorian

/D5MA00414D
342 value than the SO sample when exposed to 250 W UV-vis light. This photoinduced charge
343  generation mechanism complements conventional charge storage methods, such as
% 344  pseudocapacitance, activated during the electrical charging-discharging.
8
8 : : - .
S 345 The long-term photoelectrochemical cyclic stability of the S3 electrode during the
5
© 346 GCD testis displayed in Figure 7e. At an applied current density of 5.0 A/g, it retained
£
§ E 347 94.4% of its initial capacitance after 10000 cycles.
g e
g 2
g é 8 9 4
8 3 —8— 5 mVs' S0 (Under dark) —m—5mvs' S3 (Under dark) 4 Potential window- (0.2 to 0.6 V)
g = 60 o 10mvs" A 1 & 10mvs' ] 34 Under dark
c E —_ zi_—"'—i[lmVs'l AS- —¥— 50mVs' P
° v < 100 mvs < 3]« 100 mys 42{—=—S3
35 £ / E E 150
S £ £ o] ] 5]
c Q 2 -1 @
= O = -2] ( = = 01
2 ¢ = =-34 =
a2 O 4] Q. -1
g B (a) |7 (b) (c)
<K 2 ' v r = 7 v . . . 2 . . . .
- © 0.8 1.0 1.2 1.4 1.6 0.8 1.0 12 1.4 16 0.8 1.0 1.2 1.4 1.6
5 _g Potential (V vs RHE) Potential (V vs RHE) Potential (V vs RHE)
e 11 n 6
§ > o3 mys’ S0 (Under UV-vis light) 164 @ 5SmVs §3 (Under UV-vis light) 5] [Potential window- (-0.2 to 0.6 V)
s} g - o 10 mvy' RTE U mvs' 4 A Under UV-vis light
B o1 stmys « 50 mvs' ~ 4
B = 4100 mvs' E 81 E 3l = 83
=z 2 et = 4] —24——S0
T 3 S £ 1]
P 1= 1 @
2 = = = 0]
S s = -4 =
£ .2 @) o
< = -84 7 2] (f)
g 7= . . . r -12 T v T ' -3 . r T .
(=] 0.8 1.0 12 14 1.6 0.8 1.0 1.2 14 1.6 0.8 1.0 1.2 14 1.6
g_ 348 Potential (V vs RHE) Potential (V vs RHE) Potential (V vs RHE)
o
8
=| 349 Figure 6. Scan rate CV curves of SO and S3 electrodes (active material~ 1 mg, area~0.5 cm?)
350 under dark and UV-vis light irradiation (250 W Hg-lamp) in a 0.5 M aqueous Na,SO,
351  electrolyte. Applied scan rate is 5 mV s'! (Figure 6¢ and 6f).
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Figure 7. GCD curves (a-d) at various applied current densities and the photoelectrochemical

stability (e) of SO and S3 electrodes under dark and UV-vis light irradiation conditions (see

Figure 6). Applied current density is 0.5 A g! (Figure 7¢ and 7d).
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Figure 8. Time-course dependent absorption spectra of RhB dye (25 ppm) dissociation using

S0 and S3 sample as photocatalytic material. The light source is a 250 W Hg-lamp (200—450

nm).
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Figure 8 illustrates the time-dependent photocatalytic dissociation of RhB,dyg, |z0/0ema004140
(absorbance maximum at 554 nm) using 100 mg of photocatalyst sample. RhB is a common
hazardous and carcinogenic contaminant found in industrial wastewater. Therefore, it is
frequently used as a probe molecule to assess the photocatalytic efficiency. It should be noted
that the SO (S3) sample eliminated 1.7% (3.2%) of a 25 ppm RhB dye concentration under
dark ambient conditions through the adsorption process in 30 minutes and thereafter (tested
up to 4 hours). However, these SO and S3 samples, which have nearly identical nanoparticle
shapes and sizes (Figure 3), exhibited approximately 42.5% and 95.03% photodissociation of
RhB concentrations after 150 minutes of continuous light illumination. This over two-fold
enhancement in the photocatalytic degradation efficiency of S3 is directly attributed to its
lower Eb (2.85 eV) compared to SO (3.32 e¢V), indicating a higher concentration of intrinsic
charge pairs and their effective separation, as previously demonstrated by the optoelectronic
analysis using UV-vis and PL emission studies (Figures 2). The linear (least squares) fit plot
of log(C/Cy) against the elapsed photocatalytic reaction time provided the first-order reaction
rate constant for samples. A nearly 6-fold increase in photocatalytic reaction rate is
demonstrated by the S3 sample than to the SO sample (Table 1) [20]. Note that a modest
doping concentration of Cu in TiO, introduces defect (Ti*" and oxygen vacancies) levels that
help in reducing the band gap and promoting the separation of photoinduced electron-hole
pairs. Specifically, the Cu?* ions, possessing a lower valence than Ti**, introduce stable
oxygen vacancies mostly located at the O site next to the Cu!*/Cu?" dopants in the lattice
[38]. These oxygen vacancies and Cu!* act as active sites for molecular dissociation and
facilitate hole capture, thereby reducing electron-hole recombination. However, excessive Cu
doping in anatase TiO, can negatively impact its catalytic performance, as indicated by the
PL results (Figure 2a). The elevated concentrations of Cu above 3% not only destroy the

symmetry of the tetragonal lattice (Figure 1, Table 1), but also its Cu?" state easily traps the
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photogenerated electrons, leading to the formation of extra Cu'* or Ti3* ions. This,SceRai isoorss

could result in a short-circuiting effect where both photogenerated charge carriers (electrons

and holes) are rapidly consumed (recombination) [39].

Conclusions

The global need for energy solutions and environmental pollution have increased
dramatically, so in this regard, electrochemical supercapacitors and photocatalysis have
become promising technologies to provide rapid power delivery and energy sustainability in a
variety of practical applications. In this work, we synthesized Cu-doped anatase TiO,
powders using a simple alcothermal technique. When Cu is incorporated into anatase TiO,, a
considerable lattice distortion is produced, and a moderate to severe distortion can either
improve or deteriorate the optoelectronic characteristics and vice versa. Interestingly, a
significant increase in the photocatalytic efficiency of more than two times and an 84%
enhancement in electrocatalytic supercapacitance under UV-vis light conditions is achieved
with an ideal 3% Cu doping concentration. This remarkable boost in catalytic performance is
directly attributed to improved light absorption and an efficient separation of charge carrier
pairs. This work highlights the possibility of further increasing the catalytic efficiencies of
Cu-doped anatase TiO, through lattice optimizations, opening the door for creating
sophisticated photocatalyst and electrocatalyst materials with exceptional functional qualities

for energy and environmental applications.
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